examined the ability of a thyroid hormone-inhibiting agent, propylthiouracil (PTU), to modulate phase and period of the hamster wheel-running circadian rhythm. The circadian period (7)ofbl d ai h in m e amsters was lengthened by -0.2 h when they were fed a diet containing 0.6% PTU. Removal of the PTU reversed the change in 7. Pinealectomy did not alter the 7 response to J-WJ. Blind ovariectomized female hamsters showed changes in T during and after PTU treatment that were similar to those of males. Males were also tested with 0.3, 0.6, or 1.2% PTU diets, and a dose-response relationship was established. Under 14:lO light-dark (LD 1490) conditions, the phase of activity onset relative to lights off (21/) was not affected by 0.W PTU. In LD 6:18, mean $ was 16.7 h, but this shortened to 13.3 h during PTU, returning to 16.0 h after PTU removal. In intact males under LD 14110, the three PTU diet concentrations failed to differentially suppress thyroxine and triiodothyronine levels. Food intake and body weight were differentially reduced by the PTU treatments. A 0.5% quinine hydrochloride diet also reduced food intake and body weight but did not change 7. The inconsistency between the dose-7 response and the dose-thyroid hormone response suggest that PTU may affect circadian rhythmicity independent of its action on the thyroid neuroendocrine axis.
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THE HISTORICAL EVALUATION
of circadian rhythms has included the view that chemicals have very little influence on them (22, 25) . This perception was largely derived from extensive work by Richter (25) who showed that many different lesion types or endocrine organ removal failed to abolish the rat locomotor rhythm. Richter (25) rightly concluded that the circadian clock for wheel running was not located in the testes, ovaries, adrenals, thyroid, or in most parts of the brain. However, lesions limited to a certain unspecified portion of the hypothalamus were able to abolish rhythmicity (25) . It is now apparent that the neural areas for clocklike control of circadian rhythms are the suprachiasmatic nuclei. The loss of those nuclei eliminates rodent circadian rhythms (see Ref. 28) .
Despite the fact that endocrine organs do not appear to generate the circadian locomotor rhythm, some endocrine modulation of the rhythm does exist. Hormones have long been known to modify behavior intensity (which may or may not be equivalent to rhythm amplitude circadian period shortened by testosterone (5); female hamster: phase advanced and circadian period shortened by estradiol (19); female rat: circadian period shortened or lengthened by estradiol, depending on prior circadian period (l)]. The effect in female hamsters is blocked by the antiestrogen action of progesterone (31). In both rats and hamsters, adult sensitivity to the e&radio1 action is blocked by neonatal androgen during the process of sexual differentiation (1, 43) . Nonsteroidal hormone modulation of locomotor rhythmicity has been suggested by the observation that hypophysectomy lengthens the circadian period in both male and female hamsters (42). The thyroid has been implicated in rhythm period regulation by the fact that combined partial thyroidectomy and antithyroid drug treatment lengthens the circadian period by -0.2 h (2). That effect is large relative to the average change facilitated by estradiol (19) but small compared with that which can be caused by deuterium oxide (26).
The present experiments were designed to further investigate the role of the thyroid gland in circadian rhythm regulation by employing the antithyroid drug propylthiouracil. Propylthiouracil is routinely used clinically as an inhibitor of thyroid hormone production (16). Although its potent inhibitory action is well established in rats (4, 11, 13) , there is no literature concerning its use and function in hamsters. Therefore, we also examined the effects of propylthiouracil on hamster thyroxine and triiodothyronine levels.
MATERIALS AND METHODS

Animals
Subjects were adult outbred golden hamsters (90-110 g) obtained f rom the Charles River Breeding Laborato- (height) cm translucent polypropylene cage. The food hopper consisted of a vertical Plexiglas box partitioned into two 3 x 3 x 15 cm chambers by a hinged flap that extended downward to 0.5 cm from the closed bottom. The aperture permitted a small amount of food to spill from the rear storage chamber into the front access chamber. Access to the food was provided by a hole 3.5 cm in diameter through the front of the box. The hole was surrounded by sheet metal facing to prevent deterioration from gnawing.
Adult male hamsters (n = 6) were taken from ED 14:10, blinded under pentobarbital sodium (0.16 g/100 g body wt) anesthesia, and placed in running wheel cages with powdered food available. The animals were allowed to establish a stable free-running locomotor rhythm for at least 3 wk at which point the normal powdered diet ( r> And A & xsI &&& &&$&&&~~-~~~ ~g-gr -~~-~~~~~~~~~~~~~~-~ Tg ) r v . . U", -_ n-_ Sigma Chemical; 0.6% by weight). Approximately 4 wk later the normal powdered diet was replaced for a final 4 wk.
Experiment 2
When the powdered diet was given to animals housed in stainless steel cages, it was provided in a Wahmann stainless steel feeder. The opening was 1.9 x 6.2 cm and faced upward -8 cm above the cage floor.
Part A. Adult male hamsters were taken from LD 14: 10, anesthetized with pentobarbital sodium, blinded, and pinealectomized (Px; n = 18) or sham pinealectomized (SPx; n = 19). Each animal was given access to a running wheel and fed powder ad libitum. After at least 3 wk with a stable free-running locomotor rhythm, each animal was given a series of diet manipulations, with 4 wk on each diet. Each animal was given the initial series of powder, 0.6% PTU, and powder. Subsequently, animals received either 0.3, 0.6, or 1.2% PTU for 4 wk, followed by a return to powder for 4 wk.
Locomutor Activity
During most experiments each hamster had a 16-cmdiameter running wheel available in its cage. Locomotor activity was monitored by standard event recording of each microswitch closure per wheel revolution.
Part B. Adult female hamsters (n = 10) were removed from LD 14:10, blinded, and ovariectomized under pentobarbital sodium anesthesia. Ovariectomy was performed to remove potential periodic influences of estradiol on the circadian locomotor rhythm (19). Each animal was given access to a running wheel and provided with the powder diet until at least 3 wk of stable running rhythmicity was obtained. At this time the animals were given the 0.6% PTU diet for 4 wk, followed by a return to powder for 4 wk.
Data Reduction and Analysis
Experiment 3 Event recorder strips were pasted on charts, day below preceding day, to provide a visual image of the running pattern.
Circadian wheel-running period (7) and the phase angle difference (#) of running onset relative to lights off were calculated from the event charts by the method of Zucker et al. (43) . Data sets were quantified in the time domain by reading the patterns into a computer. The data was transferred to new paper by tracing with India ink before being computerized.
A photo-optic scanning device containing two photodiodes (HewlettPackard model QEDS 1099; X =. 700 nm) was designed to sense event onsets and offsets. One registered distance on a standard timing track by reading millimeter markings on an etched metal ruler. The other registered the event onset and offset, each of' which was converted to clock time relative to the current position on the timing track. The scanning device permitted creation of a daily data vector containing a series of events, each timed to the nearest minute, which was stored in the computer. The sensitivity of the event recorder was no better than one event per minute. Therefore, nearly all information regarding the actual number of switch closures was lost. Tracing error did not exceed event recorder error.
Intact adult male hamsters (n = 10) were given access to running wheels and placed on the powder diet while still in LD 14:lO. After -4 wk entrainment of the locomotor rhythm the animals were given the 0.6% PTU diet for 2.5 wk. At this time the powder diet was replaced, and after 13 days the animals were switched to a LD 6:18 photoperiod. The switch was obtained by turning the lights off 4 h earlier and leaving them off 4 h later. When locomotor rhythms were stably entrained to LD 6:18, each ani-ma1 was given the 0.6% PTU diet. After stable entrainment (at least 5 days with a period of 24 h) was established during the PTU diet the powder diet was replaced, and the animals were allowed to reentrain. #, the phase angle difference during entrainment, was defined as time from running onset to the beginning of the light portion of the photoperiod.
Experiment 4
Adult male hamsters entrained to LD l4:lO were housed singly in stainless steel cages and given the powder diet. Four groups (n = 8 per group) were created according to the concentration of PTU in the diet: 0, 0.3, 0.6, and 1.2% PTU. After 2, 7, and 14 days of diet treatment, blood samples (0.6-1.0 ml each) were obtained by cardiac puncture with a heparinized syringe during the middle subjective day (1200-1300 clock time) from ---et-her--a--nest-4ire~ized--animalsPJas-ma-samples-were--rcmoved after centrifugation and frozen until assayed for thyroxine (T4) and triiodothyronine (T3). Body weights and food intakes were measured daily, beginning 7 days before treatment.
Plasma concentrations of T, and T3 were measured using solid-phase radioimmunoassay kits (Diagnostic Products).
Raw counts from both assays were analyzed using weighted log-logit regression (27). Serial dilutions of hamster plasma pools resulted in curves that paralleled the standard curves containing human serum, and treatments known to decrease thyroid status (i.e., PTU and chronic disease) decreased thyroid hormones as measured by these assays (unpublished results and Ref. 35 ). All samples were run in a single T4 and Ts assay. The minimum detectable dose for the T, assay was 0.12 pg/ dl, and the interassay variability was 9.9% coefficient of variation at 2.0 pg/dl. The minimum detectable dose for Tic was 20.6 ng/dl, with an interassay variability of 6.3% at 60 ng/dl.
Experiment ii
The data from expt 4 showed that dietary dilution with PTU reduced food consumption and body weight. Therefore, we conducted a final set of experiments to determine if the eating of unpalatable food causing body weight loss could, by itself, alter circadian periodicity.
Part A. Adult male hamsters (n = 7) were individually housed in LD 14:lO and given the powder diet. After 2 wk the diet was adulterated with 0.5% quinine hydrochloride to render it less palatable (20). Animals ate' QG' ' L quinine diet for 2 wk, at which time the original diet was restored for an additional 2 wk. Food intake, corrected for spillage, and body weights were recorded three times per week. Two technical difficulties interfered with the results: 7) on the day that quinine was introduced, three animals spilled an extraordinary amount of food, much of which could not be recovered; 2) three animals were water deprived by maintenance personnel after replacement of the normal diet.
Part B. Adult male hamsters (n = 10) were blinded, pinealectomized, and given access to running wheels and the powder diet. After stable running rhythmicity was attained the 0.5% quinine hydrochloride diet was substituted for -4 wk. This was followed by -4 wk of the powder diet.
RESULTS
Experiment 1
--fri-+ii&-pj&jkla ry--+&-~dy ;-u sing -~~~&ppj--& -mIirn-al s with intact pineals, mean 7 on the powder diet was 24.19 t 0.07 h. Under the influence of 0.6% PTU, 7 increased for each animal to a mean of 24.54 t 0.6 h (mean A7 = 0.35 $-0.6 h; t = 5.86, df = 5, P c 0.001). When the powder diet was replaced, mean 7 shortened in each animal to 24.22 t 0.6 h (mean A7 = -0.32 t 0.05 h; t = 6.27, df = 5, P < 0.001).
Discussion. The results show that a 0.6% concentration of a thyroid hormone synthesis blocker delivered in the food significantly lengthens the circadian period of intact male hamsters. This result supports the observation that thyroid function suppressed by joint subtotal thyroidectomy and thiourea treatment lengthened the locomotor circadian period in female hamsters (2). The initial phase of this experiment revealed no significant effect of pinealectomy on the change in 7 during EC + -GT ardxh lG d b-m so/,. .$E'I'Td. ~~~-.~.~~fe~e,-t~l~.SPw---J n--data were combined for analysis of the effects*oflbuGUn dose. The results are shown in Fig. IB . Each PTU dose lengthened 7 significantly (P c 0.001 in each case; t tests for dependent measures). However, the magnitude of the effect was significantly less for the 0.3% PTU treatment (0.06 -t 0.02 h) th an for either 0.6 or 1.2% PTU (0.18 t 0.02 and 0.21 t 0.03 h, respectively; P < 0.001 in each case). Responses to the two highest doses did not differ. On return to the powder diet the 0.3% PTU group shortened 7 significantly less than the 1.2% PTU group (-0.10 t 0.03 vs. -0.27 t 0.03 h). The 0.6% PTU group did not differ significantly from either of those groups. It is noteworthy, however, that the failure to find a significant difference relative to the 0.3% PTU group depends on inclusion of an animal that failed to shorten . ,
.2-l L 2. Running wheel record of pinealectomized and blind male hamster. Davs on which 0.6 and 1.2% nrouvlthiouracil (PTU)-adulterated diets replaced powder diet (IN) and days on which powder diet was replaced (OUT) are indicated at left. Clocktime is indicated below record. Each 24-h day was pasted below preceding day to create full record, which was photographically duplicated to aid visualization of data. Circadian periods before, during, and after 0.6% PTU were 24.27, 24.52, and 24.26 h, respectively. Circadian periods during and after 1.2% PTU were 24.45 and 24.16 h, respectively. 7 after being taken off the 0.6% PTU diet. This was the only such case in all the experiments presented here.
In Fig. 1C the initial 7's of animals on the powder diet are shown. There was no difference between Px and SPx animals (t = 1.57, df = 35, P > 0.05). However, with each subsequent manipulation the 7 difference between these groups became greater. During 0.6% PTU diet a significant difference was approached (t = 1.81, P < 0.05, ltail) and was achieved (t = 2.34, P < 0.05, 2-tail) after replacement of the powder diet. Figure 4A shows, for combined Px and SPx data, that 7 during the initial 0.6% PTU received by each animal was linearly related to 7 before PTU (r = 0.88, z = 5.30; df = 35, P < 0.001). Similarly, 7 after PTU was predictable according to 7 during PTU (r = 0.90, z = 5.40, df = 35, P C 0.001) (Fig. 4B) . In the initial test with 0.6% PTU for each animal, there was a single exception to the rule that 0.6% PTU lengthens 7; all animals shortened 7 when the 0.6% PTU was removed. The size of decrease in 7 when 0.6% PTU was removed was proportional to 7 during 0.6% PTU ( Fig. 2 for further explanation. Circadian periods' before, during, and after 0.6% propylthiouracil (PTU) were 24.01,24.37 before, during, and after 0.6% propylthiouracil (PTU) were 24.01,24.37 and 24.12 h. Circadian periods during and after 1.2% PTU were 24.34 and 24.12 h. Circadian periods during and after 1.2% PTU were 24.34 and 24.01 h, respectively. and 24.01 h, respectively.
resulting from the 0.6% PTU diet and 7 before 0.6% PTU (Fig. 4C) .
The number of minutes spent running during the initial powder diet condition was not different for Px (mean = 202 + 17 min) compared with SPx animals (mean = 173 f 18 min). When given the 0.6% PTU diet, the combined Px and SPx animals decreased running time by an average -50 + 15 min (t = 4.80, df = 38, P < 0.001). Running time increased toward base line when the powder diet was returned (mean increase = 103 lis 15 min; t = 6.78, df = 37, P < 0.001).
During the dose-response tests, PTU treatment reduced time spent running regardless of dose (-68 f 28, -80 + 31, and -64 + 23 min for 0.3, 0.6, and 1.2% PTU treatments, respectively). The reductions were significant within each group (P < 0.05 in each case), but the three groups did not differ from each other. When the powder diet was again made available, animals that had been given 0.6% or 1.2% PTU diets significantly (P < 0.05) increased running time; the 0.3% PTU group did not (running time changes were 7 & 15, 86 + 36, and 89 + 22 for the three dose levels, respectively). Removal of the low PTU dose produced a significantly smaller increase in running than the other two groups (P < 0.05 for each comparison).
The relationship between the decrease in running dur- diet. B: relationship between 7 after and during PTU diet. C: relationship between change in 7 after replacement of' powder diet with PTU diet (Pow -PTU) and before PTU I): relationship between change in 7 after return to powder diet (PTU --+ Pow) and during PTU diet. Data are from initial part of expt 2A in which every animal received 0.6% PTIJ diet.
ing 0.6% PTU treatment and the increase in 7 was examined across all animals. The correlation was not significant (r = 0.011, z = 0.064, df = 36, P > 0.1).
Similarly, the decrease in 7 after return to the powder diet was not significantly correlated with the change in running time that occurred simultaneously (r = 0.142, x = 0.864, df = 36, P > 0.1).
Part B. Ovariectomized blind hamsters produced freerunning T'S during the powder diet that were similar to those generated by males (Fig. 1C) . Change in 7 under the influence of 0.6% PTU was 0.23 & 0.04 h, also approximating changes found in males (Fig. 1A) . Removal of the 0.6% PTU resulted in a shortening of 7 by 0.20 3-0.03 h, again similar to the changes after 0.6% PTU removal from males (Fig. IA) .
Discussion. Male and female hamsters showed similar lengthening of 7 in response to 0.6% dietary PTU. The initial 7's were approximately the same for males and females. Px blind males did not have T'S that significantly differed from those of SPx blind males. However, there was a tendency for the 7's of Px animals to be shorter than for SPx animals. A very similar magnitude, but also not significant difference, between Px and SPx males housed in constant dark was reported previously (18).
The change in 7 was found to be related to the dose of administered PTU. Rank orders of the mean responses were 0.3 < 0.6 c 1.2% PTU both for 7 increase during PTU and 7 decrease after PTU removal. PTU treatment also diminished time spent wheel running, and this effect was reversed when the powder diet was replaced. A decrease in number of wheel revolutions after thyroidectomy in rats has been reported (14, 24). The change in 7 did not appear to be related to the magnitude of change in running time nor in percent change in running time. This suggests that PTU-induced loss of thyroid hormones does not indirectly lengthen 7 by simply slowing all metabolic functions.
Experiment 3
Intact males in LD 14:lO assumed an average + of 9.5 t 0.1 h when consuming the powder diet. This did not change significantly when the animals were given 0.6% PTU (I/ = 9.5 t 0.1 h). After the animals were replaced on the powder diet and shifted to LD 6:18, 9 of the 10 animals displayed advancing transients and attained stable $'s that averaged 16.7 & 0.3 h. Of these 9 animals, 7 responded to 0.6% PTU with large phase delays that stabilized 3.4 t 0.3 h later (mean \G/ = 13.3 t 0.3 h).
When replaced on the powder diet, ti's of these animals restabilized 2.7 t 0.5 h earlier (rc/ = 16.0 -t 0.7 h). Running wheel records of two of the hamsters that responded to PTU in LD 6:18 are shown in Fig. 5 . The change in + during and after PTU treatment began quickly in most cases, but + did not become stable for several weeks. The latency to stable $ after the transfer to LD 6:lB (for the subgroup of 7 animals responding to PTU) was 16 $-2 days. During PTU, 31 T+ 4 days were required to achieve a stable $, and after PTU removal, stability returned in 25 + 2 days. Across all animals and the two conditions during which the powder diet was presented under LD 6:18, 14 of 20 running onsets occurred ~1 h after lights off (i.e., $ 2 17.0 h).
The three animals not included in the above PTU treatment calculations deserve comment. Two were of the variety shown in Fig. 6 (animal G9), where PTU appeared to delay $ but not greatly or stably. The third animal (Fig. 6, animal G4 ) apparently failed to respond to PTU in any fashion. It was also the sole animal not advancing to an early activity onset when switched to LD 6:18. Its # increased during PTU, eventually becoming stable at 17.5 h where it, remained when the PTU was removed. During PTU treatment the food of this animal was replaced once and repeatedly checked to ensure that it was being eaten in a normal fashion.
The three animals whose q's failed to respond to PTU in LD 6:18 spent less time running during the powder diet in LD 14:lO than the seven responding animals (167 + 7 vs. 235 + 10 min, respectively). Based on this observation, the running times of the seven responders were treated as a group. When given PTU in LD 14:10, running time for these animals decreased to 192 f 14 min (t = 2.64, df = 5, P < 0.05). During LD 6:18, running time was 160 + 18 min on the powder diet. This dropped to 88 f 24 min during PTU and returned to 157 + 20 min when the powder diet was restored. Both changes were significant (P < 0.05 l-tail; t = 2.28 and 2.30, respectively; df = 5). Discussion. These results are generally consistent with phase data obtained from hamsters given heavy water to slow the circadian clock (6,9, 26). Under certain circumstances PTU also delays + according to the prediction that animals having long T'S will be constrained to have relatively delayed $'s. There are two exceptions to that generalization in the present experiment. First, PTU did not have a significant effect on 3/ in LD 14:lO. Second, three animals responded minimally or not at all to the PTU during LD 6:18. The latter is at odds with the overwhelming success of 0.6% PTU in lengthening the free-running period of blind animals (expts 1 and 2), while both are exceptions to expectations based on deuteration studies of hamsters (6, 9, 26). The above inconsistencies raise the possibility that PTU may exert an effect -on the entrainment process independent of a rgenerating mechanism (7). Moreover, at least one drug (bicuculline) is able to block the rhythm response to a phase-delaying light stimulus but not to a phase-advancing stimulus (23). It is not yet known how PTU interacts with the circadian phase response to light.
The $'s of these animals under LD 6:18 during the powder diet conditions were also inconsistent with the previous observation and general assumption that hamsters in LD 6:18 have rc/'s of -12.5 h (8). However, several other investigators have also reported hamsters with J/'s similar to those observed here (see Ref. 17) . In the present study the high incidence of advanced 9's could Fig. 7 . In -38% of the samples there was an inadequate amount of plasma to measure both Tq and T3. The data are complete for Tq but are not sufficiently complete for Ts to permit full analysis. The number of TZ samples per treatment day that were assayable ranged from three to seven per group. Figure 7A shows that initial Td concentration was -4.25 &dl in untreated animals, but repeated blood sampling apparently had an effect. Td was significantly reduced in control animals at 7 and 14 days relative to the initial Tq level (P < 0.05 in each case); values at days 7 and 14 did not differ. It is clear that PTU treatment, regardless of the diet concentrations, diminished T4 levels. The effect of PTU was evident by day 2 of treatment. At this time each PTU group had depressed T, levels relative to control (P < 0.05 in each case). control group values included, there was no significant correlation between T2 and T4 levels on day 2. On days 7 and 14 the correlations were reduced (r = 0.57 and 0.54, respectively) but were significant for each (P < 0.05, 2-tail).
-Adulteration of the-powdered food with-PTU-affected food intake and body weight in a dose-dependent fashion (Fig. 9) . Pretreatment food intakes were 10.3, 9.3, 9.5, and 9.0 g/day for the powder and 0.3, 0.6, and 1.2% PTU groups, respectively. Because these were not similar across the four groups, both the eating and body weight data were converted to percentages of pre-PTU measures and analyzed by repeated measures analysis of variance. There was a significant effect of PTU dose (F = 35.07, df = 3,27, P < 0.001). By use of F tests for simple effects the powder diet controls were shown to differ from each experimental group (P < 0.05 in each case). The food intakes of the three PTU groups differed from each other (P < 0.05 in each case) with the exception of the 0.3 vs. 0.6% PTU comparison. Mean overall changes in food intake during treatment were 1.7, -15.8, -21.0, and -44.0% for powder and 0.3, 0.6 and 1.2% PTU groups, respectively. Despite the large differences in food intake, the average daily PTU consumption was 0.023, 0.045, and 0.060 g/day during t.reatment with 0.3, 0.6, and 1.2% PTU, respectively.
The T3 data could not be analyzed as extensively as the T4 results, but the pattern produced by PTU treatment is almost entirely consistent with that for T,. An exception was the apparent failure to find depressed T3 levels caused by repeated bleedings of control animals. The four control animals for which data were available from days 2 and 14 showed no change in T3 levels (106.3 t 6.4 vs. 108.0 -+ 6.0 pg/dl). All three treatment groups differed from the controls on day 2 (P < 0.05 in each case; t tests). The doses of PTU did not differentially alter T:] levels. Only the 0.6% PTU data obtained on day 14 appeared to differ from the other two experimental groups, but the sample sizes are too small to be certain. Figure 8 shows the relationship between T3 and T, levels based on blood samples from which both T, and Tq were measurable. On all three sample days there was a significant correlation between T3 and T, levels across all animals (r = 0.76, 0.89, and 0.96 for days 2, 7, and 14, respectively; P c 0.001, Z-tail in each case). Without the Body weight changes across the l&day test period also showed significant treatment effects (F = 46.62, df = 3,27, P < 0.001). The post hoc F test analysis for body weight was more complicated than that for food intake. The powder diet group did not differ from the 0.3% PTU group but was different from 0.6 and 1.2% PTU (P < 0.05 in each case). The 1.2% PTU group also differed from the 0.3 and 0.6% PTU groups (P < 0.05 in each case), which did not differ from each other. Overall changes in body weight during treatment were 2.8, 0.5, -2.8, and -10.3% for powder and 0.3,0.6, and 1.2% PTU treatments, respectively.
Discussion. Recent data concerning the pharmacology of PTU in the rat are directly pertinent to the present propylthiouracil-adulterated diets. Daily food intakes and body weights were made relative to average base-line values for 5 days before treatment.
SE bars are shown for relative food intake of control animals.
These are representative of error for all groups. SE for relative body weights did not extend beyond limits of points shown.
results. After 7 days of treatment with a maximally effective dose of PTU in the drinking water, rat T, levels were suppressed to -24% of control values (4). In the hamster the day 7 T, suppression levels (compared with same day control levels) were 25, 22.3, and 25 .3% for 0.3, 0.6, and 1.2% PTU treatment.
Thus the level of Tq synthesis inhibition in hamsters by PTU appears to be similar to that for rats. Absolute T4 level .s also appear to be simi .lar: 4.25 pg/dl in the present day 2 control hamsters vs. 4.2 pg/dl in normal male rats (4), although such comparisons are not entirely meaningful because of the daily rhythmicity in hamster (37) and rat (21) thyroid hormone levels. The T, levels seen here in day 2 control hamsters were similar to those previously reported for hamsters (36, 37) .
In the present experiment T3 levels were apparently higher in hamsters than rats and responded more to PTU than did the rat levels (4). Absolute T3 concentration in day 2 control hamsters was 115.5 ng/dl compared with 60 ng/dl for rats (4) . Previous studies of T3 concentrations in hamsters (34, 36, 37) have found levels comparable to those of rats (4). After 7 days of maximal PTU treatment, rat T, levels had declined to -57% of control values (4). In hamsters, 7 days of 0.3, 0.6, or 1.2% PTU had suppressed T3 to 28.5, 26.8, and 19 .8%, respectively, of day 7 control levels. The inconsistency in PTU suppression of rat T4 (76% decrease) and T3 (43% decrease) has been attributed to preferential thyroid-stimulating hormone stimulation of thyroid T3 secretion (30) or PTU-induced thyroid iodine deficiency (13), which may facilitate preferential T3 production (30). The absence of differential T4 and T3 suppression in hamsters may indicate a species difference in thyroid hormone metabolism.
It is useful to note the asymmetry in recovery of T4 and T3 levels after PTU is discontinued in rats (4). As might be expected, T3 reaches normal status in l-2 days, depending on the duration of PTU-induced suppression; T, requires -4-5 days (4). Although recovery data are not available for the hamster, the rapidity with which PTU is able to suppress T, and T3 in this species is apparently similar to the rate at which T3 can recover in rats (4). This is important because the latencies to change in hamster wheel-running period on PTU treatment or removal are on the order of l-2 days also (see expts 1 and 2).
The reduced food intake during PTU treatment ( Fig.  9 ) was probably a result of its bitter taste (12). Despite the large changes in consumption even for the 0.3% PTU group, body weight changes were relatively small. A net increase occurred for the 0.3% PTU group, despite an average 15.8% decrease in food intake. Animals given 1.2% PTU lost only 10.3% body weight, despite an average 44% decrease in food intake. These data support previous observations (3, 29) that the hamster can accommodate diminished food intake by increased metabolic efficiency. It is also important to note that 0.3% PTU can modestly lengthen 7 (expt 2A) and suppress Tq and T3 levels apparently without causing loss of body weight. Thus, although it is possible that diet-induced changes in body weight might enhance changes in 7, they are unlikely to be a basic cause of those changes.
Experiment 5
Part A. Animals weighed 132 g when given the quinine diet. Within 3 days, minimal weight was attained. The new weight level was -126 g, a 4.8% decrease. Weight vacillated about this mean for the remainder of the quinine treatment phase, but within 3 days of powdered diet restoration, weight returned to a mean of 132 g.
Food intake averaged -10 g/day during the powder diet. When the quinine adulteration occurred the mean intake jumped to -15 g/day for 3 days but then dropped to -8.6-9.5 g/day for 7 days. The anomalous increase in intake during the first 3 days was an artifact of the irretrievable spillage of food by several animals (see MATERIALS AND METHODS).
After replacement of the unadulterated powdered chow, food intake rose immediately to 12.4 g/day, then slowly returned to a mean of -10.2 g during the last 7 days.
Part B. Quinine adulteration of the food did not alter circadian periodicity. Mean 7's were 24.16 t 0.07, 24.12 t 0.06, and 24.10 t 0.06 for pre-quinine, quinine, and post-quinine treatments, respectively. Quinine 7's did not differ from 7's during the other conditions (vs. prequinine, t = 1.65, df = 9; vs. post-quinine, t = 0.78, df = 9) . 
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Discussion. The effect of a quinine diet on body weight was quite similar to the effect of PTU found in e~pt 4 (cf. Fig. 9 ). A diet of 0.6% PTU reduced body weight by a maximum of 5% compared with the 4.8% during quinine. The food intake patterns were somewhat different to the extent that quinine induced a gradual decrease in intake compared with a sharp decrease followed by recovery toward normal intake during PTU. Nevertheless, asymptotic intake of the 0.6% PTU diet was -9.5% less Qwn !aas-e Iine. This compres. favorably with the. 10%. decline during the equivalent days on the quinine diet.
In contrast to the comparable effects of PTU and quinine dietary adulteration on food intake and body weight, quinine treatment did not appear to alter circadian rhythmicity.
Whereas PTU induced unequivocal lengthening of 7, quinine had no effect. Although it is possible that the food intake and body weight changes caused by quinine may have been absent from animals with wheel access (this was not assessed), it seems unlikely that mere loss of weight and/or reduction of food intake could have been responsible for the PTU-induced rhythmicity changes (see expt 4).
GENERAL
DISCUSSION
The results show that the antithyroid drug PTU can delay phase and lengthen the period of hamster wheelrunning circadian rhythms. Thus PTU joins the small, but growing, class of natural and artificial chemicals that are able to alter 7 in rodents (see Refs. 17, 33, and 41) . Most substances lengthen 7; only the steroid hormones estradiol and testosterone appear able to shorten the period (1, 5, 19) . Estradiol and deuterium oxide (DzO) have received the most extensive investigation. Both alter phase and period, with the latter (at least for DzO) being proportional to drug dose (9, 19, 26, 31) . The magnitude of 7 changes induced by PTU is considerably greater and more consistent than those observed after estradiol treatment. DzO, however, exerts much more profound increases in 7 than does PTU, having a doseresponse effect on circadian period up to 100% concentrations (26). D,O is thought to slow all parts of the circadian clock mechanism, thereby avoiding a phase response (6). PTU does not appear to act in the same manner. For example, PTU was not effective in delaying phase in LD 14:lO as is done by moderately low concentrations of DzO (26). Furthermore, PTU was ineffective in delaying phase in 30% of animals entrained to LD 6:18. In contrast, 7-was effectively lengthened in -97% of animals given the same dose of PTU (expt 3). Thus we suggest that PTU does not lengthen 7 or delay phase by a general slowing effect on all metabolic processes as may happen during D,O treatment (6).
Four pieces of evidence suggest that the thyroid neuroendocrine axis may be involved in the modulation of circadian rhythm period. First, hypophysectomy results in lengthened circadian periods of both male or female hamsters (42). Similarly, both male and female hamsters respond equivalently to PTU (Fig. 2) . Such results indicated that the clock mechanism(s) responding to hypophysectomy or PTU is not sexually differentiated as has been shown for the circadian rhvthm response to estradiol (43). Second, the combination of thyroid hormone synthesis inhibitor (thiourea) plus partial thyroidectomy caused 7 to lengthen in female hamsters by 0.2 h (notably similar to the effects of PTU or hypophysectomy). Neither thiourea nor partial thyroidectomy was by itself effective (2). This suggests that at least partial loss of thyroid function is necessary to obtain 7 increases in response to the antithyroid drug. However, it does not eliminate the possibility that thiourea can act on the central dock mechanisms to lengthen period only after protective effects of the thyroid gland have been removed. Third, destruction of the canary thyroid by Is11 radiation resulted in shortened circadian periodicity. In these animals, T3 therapy restored a longer 7 (39). Fourth, in a single adult human free-running under normal LD conditions exogenous Tq shortened 7 from 25.1 to 24.7 h (15).
In the present experiments PTU was shown to inhibit thyroid function and to alter circadian rhythm parameters. These results are consistent with the idea that thyroid inactivity results in delayed phase and lengthened period of circadian rhythms in hamsters. It is noteworthy, however, that the amount of T, and T3 present was not differentially affected by the PTU doses used, although the same doses differentially lengthened 7. Furthermore, after 2 days of PTU treatment, thyroid hormone levels were only suppressed ~30%, although 7 often began to lengthen within 2 days (expt 3). These results indicate that PTU may have a pharmacological effect on 7 that is at least partially independent of its antithyroid properties. Thyroid hormone metabolism in rat cerebellum in vitro is apparently altered by PTU, suggesting that the drug can directly affect brain tissue (32). An alternative to the direct PTU action on brain could be a rapid enhanced hypothalamic thyrotropin-releasing hormone secretory response to diminished circulating T3 or T, levels, with the thyrotropin-releasing hormone causing the change in 7. According to this view immediate and prolonged thyrotropin-releasing hormone release would be expected during 20.6% PTU treatment. Such a result would be analogous to the compensatory thyroidstimulating hormone release observed in rats after PTU treatment (10).
The question concerning the extent of thyroid neuroendocrine axis involvement in circadian rhythm regulation cannot be adequately answered until complete thyroidectomies can be performed. Thus far, the surgical approach has not been successful (2; unpublished data). Other methods using "'l1 destruction of the thyroid (40) or low-iodine diets to prevent synthesis of thyroid hormone (11) may provide the best available means of functional thyroidectomy in hamsters.
